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Using first principles calculations, we study the structural and phononic properties of the recently
synthesized Janus type single layers of molybdenum dichalcogenides. The Janus MoSSe single
layer possesses 2H crystal structure with two different chalcogenide sides that lead to out-of-plane
anisotropy. By virtue of the asymmetric structure of the ultra-thin Janus type crystal, we induced the
out-of-plane anisotropy to show the distinctive vertical pressure effect on the vibrational properties of
the Janus material. It is proposed that for the corresponding Raman active optical mode of the Janus
structure, the phase modulation and the magnitude ratio of the strained atom and its first neighbor
atom adjust the distinctive change in the eigen-frequencies and Raman activity. Moreover, a strong
variation in the Raman activity of the Janus structure is obtained under bivertical and univertical
strains. Not only eigen-frequency shifts but also Raman activities of the optical modes of the Janus
structure exhibit distinguishable features. This study reveals that the vertical anisotropic feature of the
Janus structure under Raman measurement allows us to distinguish which side of the Janus crystal
interacts with the externals (substrate, functional adlayers, or dopants). Published by AIP Publishing.
https://doi.org/10.1063/1.5043207
The isolation of graphene as a one-atomic layer of graphite
has led to an enormous increase in the research field of
ultra-thin materials.1,2 Two-dimensional (2D) transition metal
dichalcogenides (TMDs) are an important family of ultra-thin
materials owing to extraordinary electronical and optical prop-
erties such as the gap in the visible frequency range and the
good carrier mobility at room temperature.3–10
The interaction between external effects (such as sub-
strate, functional adlayers, or dopants) and ultra-thin TMDs
is substantially different from that of their bulk version.11,12
The properties of ultra-thin TMDs can be tailored by grow-
ing them on different substrates.13 Lee et al. have shown that
monolayers of layered TMDs are shaped diversely by inter-
acting with different substrates like silicon, sapphire, quartz,
graphene, h-BN, and BiFeO3.14 Besides, the flower-shaped
MoS2 on graphene oxide thin films15 and the dendrite mor-
phology of MoS2 on silicon carbide16 and on LaAlO317 have
been achieved owing to particular interaction between the sub-
strate and the TMD. Tellurium compounds of the TMDs can
be reconstructed into two different crystal phases, distorted 1T
and 2H phases, due to external effects like strain induced by
the substrate or excessive energy (heat or electric field).18–23
In addition, the vibrational properties of ultra-thin materials
allow us to characterize the material and to determine its phase;
however, the substrate and external dopants can distort the
measurement. Effects of the substrate on the Raman active
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modes of single layers of MoS2 have been extensively inves-
tigated by Buscema et al., and it was shown that it leads to
shifts in the frequency and may also result in a change of
the Raman intensity of the Raman active modes.24 Besides,
Mlack et al. observed the same phenomena for monolayer
WS2 and found frequency shifts before and after the transfer
process.25
Furthermore, recently synthesized Janus type TMD, i.e.,
single layer of MoSSe,26,27 exhibits remarkable asymmetry in
the crystal structure. The two different chalcogenide sides of
Janus type 2D structures are expected to behave differently
when put on surfaces. It is an open question how external
effects from substrate amend properties of Janus materials.
In this work, the induced out-of-plane anisotropy effects on
the vibrational and structural properties of single layers of
Janus MoSSe are investigated by applying vertical strain on
chalcogenide atoms.
To determine the optimized crystal structure and ground
state electron density, first-principle calculations were per-
formed using the Vienna ab initio Simulation Pack-
age (VASP)28,29 implemented with the-plane-wave basis
projector-augmented wave (PAW) method. The electronic
exchange-correlation part is treated within the generalized gra-
dient approximation (GGA) in the Perdew-Burke-Ernzerhof
(PBE) form applied.30 For van der Waals (vdW) correction,
the density functional theory (DFT)-D2 method of Grimme
was inserted to the GGA functional.31
In all the calculations, a plane-wave basis set with kinetic
energy cutoff of 800 eV was used. For the convergence
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criterion, the total energy difference between the sequential
steps in the calculations was taken to be 10−8 eV. The total force
in the unit cell was reduced to a value of less than 10−7 eV/Å.
To hinder interactions between the adjacent cells, at least 14 Å
vacuum spacing was used along the z-direction. Because of the
importance of spin orbit interactions in the TMD structure, all
calculations were spin polarized. The charge transfer analy-
sis in the structure was determined by the Bader technique.32
The vibrational properties were obtained via the PHONOPY
code33 that uses as input the force constants calculated by the
finite-displacement method.
The structure of the Janus MoSSe single layer that pos-
sesses the 2H crystal phase is shown in Fig. 1(a). As seen in
the figure, the Janus structure consists of separated atomic lay-
ers of sulphur, molybdenum, and selenium atoms. The lattice
constant of the Janus crystal structure is calculated to be a = b
= 3.25 Å. The corresponding Mo–S and Mo–Se bond lengths
are dMo–S = 2.42 Å and dMo–Se = 2.53 Å, respectively. The
vertical distance between the chalcogenide S and Se atoms
taken as the thickness of the Janus monolayer is found to be
3.23 Å. Bader charge analysis shows that the charge transfer
from transition metal atoms to the chalcogenide atoms is differ-
ent: 0.5 and 0.4 e− charges are donated to S and Se atoms by the
Mo atom.
The dynamical stability of the Janus MoSSe single layer
is shown in the phonon band diagram [Fig. 1(b)]. The unit
cell of the Janus structure contains three atoms [Fig. 1(a)];
therefore, the phonon dispersion consists of 3 acoustic and
6 optical modes where the vibration representation of the
optical modes is described as Γ = 2E′ + 2E′′ + 2A1.34 As
seen in Fig. 1(b), the frequencies of the doubly degenerate
in-plane optical modes, E′′ and E′, are 200 and 344 cm−1,
respectively. Besides, two (A1) singly degenerate out-of-plane
optical modes are split as low-frequency AL1 and high fre-
quency AH1 modes, which are 286 and 432 cm−1, respec-
tively. The calculated phonon frequencies of the Janus single
layer are in agreement with the experimental and theoretical
results.26,35
Unlike the well-known TMDs such as MoS2, WS2, and
WSe2, the response of Janus TMDs against vertical strain
can be expected to be quite different due to out-of-plane
anisotropy. The vertical component of strain dominates for
ultra-thin materials, and therefore, vertical strain effects on
the vibrational properties of the Janus MoSSe single layer
can be exploited to reveal the asymmetric feature of the Janus
structure.
To begin with, the case of both chalcogenide sides of
the Janus MoSSe single layer that experiences compressive
and tensile strain is considered. Figure 2 shows the effect of
bivertical strain on the vibrational and structural properties
of the Janus crystal. First of all, our Raman activity calcu-
lations show that all optical modes are Raman active and
three prominent Raman peaks are obtained in the AL1 , E′,
and AH1 optical modes. Besides, corresponding eigenvectors
of the optical modes of the Janus structure and the normal-
ized eigenvector magnitude of each atom are shown in Fig. 2.
Subsequently, 1 and 2 percent bivertical compressive and ten-
sile strain are applied to the Janus structure. As expected in
the optical modes of the Janus structure, a strong phonon
hardening is observed under compressive strain due to the
suppression in the Mo–chalcogenide bond distances, but on
the other hand, clear phonon softening is seen under tensile
strain due to the increase in the Mo–chalcogenide bond dis-
tances. It is also found that vertical strain is purely ineffective
to change the planar component of the Mo–chalcogenide bond
distances. Further analysis on the change in eigen-frequencies
shows that low-frequency optical modes (AL1 and E′′) have∼1.8 cm−1/strain rate of change, whereas high-frequency
optical modes (AH1 and E′) have ∼2.3 cm−1/strain rate of
change.
In addition to the Raman shifts of the strained Janus struc-
tures, the Raman activity trends of the optical modes under
bivertically strain are shown in Fig. 2(a). Since there are no
external effects (at the ground state), E′ and AL1 have the
two-highest Raman activities that can be seen in Raman mea-
surement. As seen in Fig. 2(a), there is a smooth decreasing
trend at the Raman activity of AL1 optical mode under biverti-
cal squeezing. On the other hand, Raman activities of the other
optical modes have increasing trend under bivertical compres-
sion. It is worthwhile to note that AL1 is the most prominent
Raman peak under tensile strain and E′ is the most prominent
Raman peak under compressive strain. Moreover, AH1 becomes
one of the two-highest Raman active modes under bivertical
squeezing. Besides, it is also found that the highest optical
mode as frequency, AH1 , disappears when the applied tensile
strain increases.
FIG. 1. (a) Top (perspective) and side
views of the geometric structure of the
Janus MoSSe single layer. Violet, yel-
low, and green balls show Mo, S, and
Se atoms, respectively. (b) Phonon band
diagram of the Janus MoSSe single
layer.
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FIG. 2. The effect of bivertical strain
on the vibrational and structural prop-
erties of the Janus MoSSe structure.
(a) Raman activity as a function of
frequency and strain. (b) Change in
Mo–chalcogenide bond distances with
horizontal and vertical components. (c)
Shift in eigen-frequencies of the Janus
structure as percentage. Corresponding
eigenvectors of the optical modes with
the magnitudes are shown in the inset.
The magnitudes of eigenvector of each
atom are normalized according to the
highest one.
Next, vertical strain on the S side of the Janus MoSSe
single layer is investigated. The vibrational and structural prop-
erties under vertical strain on the S side of the single layer Janus
structure are shown in Fig. 3. As seen, the asymmetric structure
effect exists, and specific behavior in the vibrational properties
of the Janus structure is observed. The low-frequency optical
modes remain unchanged under vertical strain; however, the
high-frequency optical modes exhibit phonon hardening and
softening under compressive and tensile vertical strain, respec-
tively. The corresponding eigenvectors of the low-frequency
optical modes of the Janus structure point that the strained S
atom performs in-phase motion with the Mo atom, whereas
FIG. 3. The effect of vertical strain
along the S side on the vibrational
and structural properties of the Janus
MoSSe structure. (a) Raman activity as
a function of frequency and strain. (b)
Change in Mo–chalcogenide bond dis-
tances with horizontal and vertical com-
ponents. (c) Shift in eigen-frequencies
of the Janus structure as percentage.
Corresponding eigenvectors of the opti-
cal modes with the normalized magni-
tudes are shown in the inset. The mag-
nitudes of eigenvector of each atom are
normalized according to the highest one.
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FIG. 4. The effect of vertical strain
along the Se side on the vibrational
and structural properties of the Janus
MoSSe structure. (a) Raman activity as
a function of frequency and strain. (b)
Change in Mo–chalcogenide bond dis-
tances with horizontal and vertical com-
ponents. (c) Shift in eigen-frequencies
of the Janus structure as percentage.
Corresponding eigenvectors of the opti-
cal modes with the normalized magni-
tudes are shown in the inset. The mag-
nitudes of eigenvector of each atom are
normalized according to the highest one.
those of the high-frequency optical modes show out-of-phase
motion. Therefore, the phase contrast in the corresponding
eigenvectors between strained and its first neighbor atom deter-
mines the shift in the eigen-frequency. The fact remains that
not only the phase contrast but also the increased magnitude of
eigenvector of the strained chalcogenide with respect to its first
neighbor atom articulates the shift in the eigen-frequency. The
rate of change of the high-frequency optical modes is found to
be ∼1.5 cm−1/strain.
Furthermore, different trends are seen in the Raman activ-
ity of the optical modes under vertical strain on the S side. As
seen in Fig. 3(a), change in the Raman activities of the low-
frequency optical modes is insignificant and shows no measur-
able trend compared to the high-frequency optical modes as
seen in the eigen-frequency shifts. On the other side, significant
change is seen in the Raman activities of the high-frequency
optical modes, which decreases since the vertical tensile strain
on the S side increases. Even though the AL1 optical mode
is inactive under the vertical strain, it is the most prominent
Raman peak in all conditions. Moreover, the strongly measur-
able Raman activity trend is seen at the high-frequency optical
modes. In all circumstances, the E′ to AH1 Raman activity ratio
has the descent behavior under compressively vertical strain
on S. Besides, for bivertical strain, the same trend is seen at
the highest AH1 optical mode.
In addition, vertical strain on the Se side of the Janus
MoSSe single layer is considered. The vibrational and struc-
tural properties under vertical strain on the Se side of the
single layer Janus structure are shown in Fig. 4. A very dis-
tinct behavior is found as compared to the strained S side case.
Now, the low-frequency optical modes exhibit phonon hard-
ening and softening under vertical strain on the Se side, and
this is understandable as long as there is out-of-phase motion
and high eigenvector magnitude difference between strained
chalcogenide and its first neighbor atom. However, negligi-
ble change in the high-frequency optical modes is obtained
under vertical strain on the Se side of the single layer Janus
structure. As expected, the much lower eigenvector magni-
tude of the strained atom than that of its first neighbor atom
is the reason of the slight change in the eigen-frequency of
the high frequency optical modes. Notice that a higher (∼1.9
cm−1/strain) rate of change is found for eigen-frequency shift
in the low-frequency optical modes.
Moreover, Fig. 4(a) shows the Raman activity trends of
the optical modes under vertical strain on the Se side. First,
it is seen that the Raman activity of the E′ optical mode is
insensitive to the vertical strain on the Se side. Second, the
other high-frequency optical mode, AH1 , shows decreasing
trend under bivertical compressive strain. As in the vertical
strain on the S case, the E′ to AH1 Raman activity ratio is a
determiner for the detect vertical strain effect on the Janus
structure; however, the rate of change of the E′ to AH1 ratio
is reversed in the vertical strain on the Se case. Next, Raman
activities of the low-frequency optical modes, E′′ and AL1 , show
increasing and decreasing trends under bivertical compres-
sive strain, respectively. Furthermore, it is seen that at high
tensile strain values, AL1 is the highest Raman active mode,
whereas E′ becomes the highest one at high compressive strain
values for the Janus structure vertically strained on the Se
atom.
In conclusion, the effect of strain on the dynamically sta-
ble single layer of the Janus MoSSe crystal was investigated.
It was seen that the bivertically strained Janus structure shows
phonon hardening and softening, respectively, under compres-
sive and tensile strain due to decrease and increase in the Mo–
chalcogenide bond length distances. A change in the Raman
084707-5 Kandemir, Peeters, and Sahin J. Chem. Phys. 149, 084707 (2018)
activity of the Janus structure was observed under compressive
and tensile strain. When we induce out-of-plane anisotropy,
the obtained changes in the vibrational spectrum are under-
stood by noticing that the high-frequency optical modes of
the Janus single layer are in the pocket of the sulphur side,
whereas the selenide side is responsible for the low-frequency
optical modes. It was found that the phase of the vibrations of
the atoms in the Janus structure is a primary factor for the dis-
tinctive feature in the optical modes; furthermore, the ratio of
the eigenvector magnitude between the pressure induced side
and first neighbor side is affected. Besides, not only eigen-
frequency shifts but also Raman activities of the optical modes
of the Janus structure show significant trends under both strain
along bivertical and univertical cases. Especially, the Raman
activity ratio of the high-frequency optical modes is significant
identifier for the vertically strained Janus structures. More-
over, Raman activity analysis of the Janus structure showed a
strong variation and thus an important experimental probe to
distinguish the type of applied strain.
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